The immunological properties of peptidoglycan (L-PG) purified from the cell wall skeleton (L-CWS) of Listeria monocytogenes strain EGD were investigated and compared with the properties of L-CWS. L-PG consisted of alanine, glutamic acid, a,E-diaminopimelic acid, muramic acid, and glucosamine. L (3, 4, 6, 31, 32) . We have also shown that the peptidoglycan moieties of M. bovis BCG, N. asteroides 131, and C. diphtheriae PW8 prepared by acid treatment from the corresponding cell wall skeletons retain adjuvant activity (3). Several investigators (1, 2, 17, 22) clearly showed that N-acetylmuramyl-L-alanyl-D-isoglutamine (MDP) is the minimum adjuvantactive subunit of these bacterial cell wall skeletons and peptidoglycans. The results obtained from extensive studies have suggested that the immunological properties of MDP are partially different from those of cell wall skeletons or peptidoglycan moieties. The most distinctive differences was identified in the case of the antitumor activities of these adjuvants. The cell wall skeletons of M. bovis BCG, Nocardia, and P. acnes were shown to have potent antitumor activities in transplantable tumor systems in syngeneic mice and guinea pigs; however, MDP showed no antitumor activity in these tumor systems (7). These results may be considered to be due to the physicochemical properties of these adjuvants. The bacterial cell wall skeletons and peptidoglycans are non-metabolizable and water-insoluble polymers; on the other hand, MDP is a low-molecular-weight, watersoluble glycopeptide.
Previously, we have reported that the cell wall skeletons of various bacteria, such as Mycobacterium bovis BCG, Nocardia asteroides 131, Nocardia rubra, Corynebacterium diphtheriae PW8, and Propionibacterium acnes C7, show immunoadjuvant activity for circulating antibody formation, induction of cell-mediated immunity, and antitumor activity in experimental animals (3, 4, 6, 31, 32) . We have also shown that the peptidoglycan moieties of M. bovis BCG, N. asteroides 131, and C. diphtheriae PW8 prepared by acid treatment from the corresponding cell wall skeletons retain adjuvant activity (3) . Several investigators (1, 2, 17, 22) clearly showed that N-acetylmuramyl-L-alanyl-D-isoglutamine (MDP) is the minimum adjuvantactive subunit of these bacterial cell wall skeletons and peptidoglycans. The results obtained from extensive studies have suggested that the immunological properties of MDP are partially different from those of cell wall skeletons or peptidoglycan moieties. The most distinctive differences was identified in the case of the antitumor activities of these adjuvants. The cell wall skeletons of M. bovis BCG, Nocardia, and P. acnes were shown to have potent antitumor activities in transplantable tumor systems in syngeneic mice and guinea pigs; however, MDP showed no antitumor activity in these tumor systems (7) . These results may be considered to be due to the physicochemical properties of these adjuvants. The bacterial cell wall skeletons and peptidoglycans are non-metabolizable and water-insoluble polymers; on the other hand, MDP is a low-molecular-weight, watersoluble glycopeptide.
Recently, we have been interested in the biochemical and immunological properties of the cellular components, especially the cell surface components, of Listeria monocytogenes, which is known to be one of the facultative intracellular bacteria, in comparison with the properties of the cellular components of tubercle bacilli, which are typical intracellular bacteria. More recently, we have described the detailed chemical structure of the peptidoglycan moiety (L-PG) which was prepared from the purified cell wall skeleton (L-CWS) of L. monocytogenes strain EGD (20a) . The L-PG was easily prepared by mild acid treatment of L-CWS. The results of chemical analyses of L-PG and L-CWS suggested that L-PG could be prepared from L-CWS without serious damage to its chemical nature. This allowed us to study the biological properties of L-PG, and in the present paper we describe the adjuvant activities of L-PG and compare them with the activities of L-CWS, heat-killed cells of L. monocytogenes, and MDP.
MATERIALS AND METHODS L-PG, L-CWS, and other adjuvants. L. monocytogenes strain EGD was cultured on Trypto-soya broth (Nissui Seiyaku Co., Ltd., Tokyo, Japan) and grown in a controlled environment incubator shaker (New Brunswick Scientific Co., Edison, N.J.) at 37°C for 3 days with constant shaking (120 rpm). The cells were heat killed at 100°C for 30 min in an autoclave, collected by centrifugation at 3,000 x g for 20 min, and then washed three times with water. Purified L-CWS was prepared from these heat-killed L. monocytogenes strain EGD cells by a method similar to one described previously (4) . Briefly, the heat-killed L. monocytogenes cells (killed Listeria cells) were suspended in cold water and disrupted with a Dynomill (type KDL) at 3,000 rpm for 10 to 15 min at 5 to 10°C by using 0.1-mm glass beads. After the unbroken cells and debris were removed by centrifugation, the crude cell wall fraction was collected by centifugation at 20,000 x g for 60 min. The fraction obtained in this way was treated repeatedly with DNase, pronase, trypsin, and a-chymotrypsin and then washed several times with water. The enzyme-treated cell wall fraction was extracted with diethylether-ethanol (1:1) and chloroform-methanol (2:1). The residue prepared in this way was referred to as L-CWS. The L-CWS was treated with 5% trichloroacetic acid at 37°C for 48 h. After the residue was washed three times with water, it was extracted with diethylether-ethanol (1:1). The resulting residue was referred to as L-PG. The chemical compositions of L-CWS and L-PG are summarized in Table 1 . The cell wall skeleton of N. rubra was prepared by a similar method, as described previously (4) . MDP was chemically synthesized in our laboratory. Lipopolysaccharide and LPS were used as T-and B-cell mitogens in this study.
Medium solution. Hanks balanced salt solution and RPMI 1640 medium were obtained from Nissui Seiyaku Co., Ltd., and were supplemented with 100 U of penicillin G per ml and 100 ,ug of streptomycin per ml. Fetal bovine serum (lot R781615) was purchased from GIBCO Laboratories, Grand Island, N.Y., and was inactivated by heating at 56°C for 30 min before use.
Determination of immune response to BaA. Each Hartley strain guinea pig was immunized in its four footpads with a total of 300 ,ug of BaA with or without killed Listeria cells, L-CWS, and L-PG in Freund incomplete adjuvant (a mixture of liquid paraffin and Aracel A [85:15]). After 4 weeks, the guinea pigs were bled by puncturing the retroorbital venous plexus with fine capillary glass pipettes. Anti-BaA antibody in sera was measured by the enzymatic method described by Okada et al. (24) . At 24 h after bleeding, skin tests were performed with 100, 50, or 10 ,ug of BaA, and skin reactions were measured 4, 24, and 48 h after intradermal injection of the test antigen.
In vitro culture system and PFC assay. on October 27, 2017 by guest (18) or a 1:20 dilution of rabbit anti-mouse immunoglobulin serum prepared in our laboratory in the presence of a 1:3 dilution of agarose-absorbed guinea pig complement (14) at 37°C for 40 min. Furthermore, 0-positive T cells and immunoglobulin-bearing B cells were detected in these cell populations by using the immunofluorescence technique described previously (30 
RESULTS
Chemical compositions of L-CWS and L-PG. As shown in Table 1 , L-CWS was mainly composed of polysaccharide and peptidoglycan components. The polysaccharide contained rhamnose and glucosamine as major constituents and small amounts of ribose and glucose. L-PG, which was obtained by treating L-CWS with 5% trichloroacetic acid as described above, consisted of alanine, glutamic acid, meso-diaminopimelic acid, muramic acid, and glucosamine. Based on the results of the composition study and a determination of the N-and C-terminal amino acids, in addition to a characterization of fragments obtained by enzymatic treatment and partial acid hydrolysis of L-PG, which will be described in detail elsewhere (20a) , the possible structure of L-PG is illustrated in Fig. 1 . We suggest that L-PG contains a cross-linkage between meso-diaminopimelic acid and D-alanine, which belongs to the A1y type according to the classification scheme of Schleifer and Kandler (28) . It should be noted that L-PG contains glucosamine residues with free amino groups (about 30%), which are responsible for the resistance of this compound to lysozyme.
Effects of L-CWS and L-PG on the immune response to BoA. As Table 2 Arthus type and delayed-type skin reactions after intradermal injection of 50 ,ug of BaA. Killed Listeria cells, L-CWS, and L-PG also had adjuvant activity on the induction of delayedtype hypersensitivity to BaA in guinea pigs; at 48 h this activity was similar to or less than that of MDP. In contrast, only Arthus type skin reactions were observed in guinea pigs immunized with BaA in Freund incomplete adjuvant (control group). We also found that killed Listeria cells, L-CWS, L-PG, and MDP enhanced the production of anti-BaA antibody in sera compared with the control. In particular, L-CWS was highly effective as an adjuvant at a dose of 100 jig.
Effects of L-CWS and L-PG on the primary immune response to SRBC in vitro. As Table 3 shows, L-CWS and L-PG, as well as MDP and LPS, showed adjuvant activity on the formation of 19S PFC in response to SRBC after 4 days of culture. In addition, L-CWS and L-PG also increased the background PFC response of normal spleen cells cultured in the absence of SRBC, but L-CWS and L-PG were less active than LPS. However, killed Listeria cells were less active for both the formation of 19S PFC and background PFC responses compared with L-CWS and L-PG. In both cases, there was no difference in the number of viable cells recovered after 4 days of culture (about 70%).
Effects of L-CWS and L-PG on the induction of allogeneic cell-mediated cytotoxicity in mice. Table 4 shows that killed Listeria cells, L-CWS, and L-PG enhanced the generation of cell-mediated cytotoxicity in allogeneic C57BL/6 mice; this enhancement was similar to that of N. rubra cell wall skeleton which was demonstrated to have potent adjuvant activity previously (3, 6, 31, 32) .
Cytolytic activities of peritoneal macrophages and a macrophage cell line activated by L-CWS and L-PG in vitro. As Table 5 (Table   6 ).
Mitogenic activities of L-CWS and L-PG. Normal BALB/c spleen cells were cultured with different doses (1, 10, and 100 ,ug/ml) of killed Listeria cells, L-CWS, and L-PG. As Table 7 VOL. 38, 1982 on October 27, 2017 by guest http://iai.asm.org/ Antitumor activities of L-CWS and L-PG. As Table 8 shows, L-CWS and L-PG suspended in PBS had tumor-suppressive activities at varying doses (100, 25, and 5 ,g), and tumor-suppressed mice showed resistance to reinoculated tumor cells. ties in mice and guinea pigs. Other workers have reported that a crude cell wall fraction (11-13, 15, 27) , monocytosis-producing extracts (29), a heat-labile water-soluble extract (21), and a culture filtrate (25) of L. monocytogenes enhance murine immune responses in vivo and in vitro. However, the biochemical properties of these cellular fractions used in the immunological studies were not demonstrated. Also, the biological activities of purified peptidoglycan have been little studied. As Table 1 shows, L-CWS was composed of polysaccharide and peptidoglycan components. L-PG was easily obtained by mild acid treatment of L-CWS. Table 2 shows that L-PG and L-CWS have adjuvant activities on both the formation of circulating antibody and the development of delayed-type hypersensitivity to BaA in guinea pigs; these activities are similar to or slightly lower than the activity of MDP. L-CWS and L-PG also increased both 19S PFC and background PFC responses to SRBC in vitro when they were added with antigens at the same time (Table 3) . Previously, Campbell et al. (12, 15) reported that a crude cell wall-containing fraction of L. monocytogenes enhanced humoral immune responses to erythrocyte antigens in vivo and in vitro and mitogenic responses in mice and also could act directly on murine B cells independent of any T-cell influences. As Table 7 of C3H/HeJ mice, which generally do not re-experimental immunotherapy of tumors in mice spond to LPS.
and guinea pigs (8, 9, 17, 35) . Tables 8 and 9 We also observed that killed Listeria cells, L-show that L-CWS and L-PG had tumor (Meth CWS, and L-PG could activate elicited peritone-A)-suppressive and -regressive activities in synal macrophages to become cytotoxic for FBL-3 geneic BALB/c mice when they were administumor target cells in vitro (Table 5) . Similarly, tered as a suspension in PBS. Campbell et al. (11) showed that a Listeria cell Our data confirmed results on the immunologwall fraction could induce peritoneal exudate ical properties of Listeria cells and cell fractions cells from nude mice to kill tumor cells, suggest-previously published by several workers (11-13, ing that mature T cells were not required. Since 15, 16, 21, 25, 27, 29, 33) . Furthermore, we more than 98% of the adherent cells in both found that L-PG has adjuvant activities on the experiments were macrophages, as determined induction of delayed-type hypersensitivity, alloby morphological observation and the acid phos-geneic cell-mediated cytotoxicity, and in vitro phatase staining method, and similar results macrophage-mediated cytotoxicity in addition to were obtained from an in vitro cytotoxicity test mitogenicity and that it inhibits tumor growth in by using macrophage cell line RAW 264 instead syngeneic mice as well as L-CWS (Table 10) . of peritoneal macrophages (Table 6) , our results Therefore, based on the effects of L-CWS and also indicated that both L-PG and L-CWS could L-PG on B cells and macrophages, we suggest directly stimulate elicited peritoneal macro-that the cell-mediated immune response may be phages and macrophage cell lines. Previously, associated with the activation of macrophages live or killed L. monocytogenes, and other and B cells by their components. Previously, we microorganisms, such as M. bovis BCG and have shown that acid-treated cell wall skeletons Corynebacterium parvum, have been used for (peptidoglycan) of M. bovis BCG, N. asteroides, 
